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MATHEMATICAL DEDUCTIONS FROM EMPIRICAL RELATIONS : 
BETWEEN METABOLISM, SURFACE AREA, AND WEIGHT* 


Introduction 


From the formula of Hemmingsen based on the studies and data of 
- Benedict, Brody, Kleiber, and Krogh, relating the metabolism of 
homoiotherms to the 0.73 power of body weight, it can be shown that 
there is an absolute minimum for the weight of adult warm-blooded 
animals. This minimum is found to be about 225 mg. Since this result 
_ is in accord with known data, it is concluded that the formula has an 
intrinsic meaning. 

It can be shown that the exponent in this formula (0.73) is limited 
to a very narrow range and that it cannot be as low as the two thirds 
power of body weight as postulated by the ‘‘surface area law.’’ 

A simple geometrical model will represent the surface area-weight 
relationships in man, and reliable equations can be developed which 
are comparable to those which link metabolism of adult men to various 
other measurements. The same model can be used to represent the 
growth of boys. Three measurements, weight, stature, and a circum- 
ferential measurement of the trunk, limit all other measurements to a 
narrow range. Even weight and height alone permit accuracy in pre- 
dictions of mean surface area and trunk circumference. 


I. Relationship between Surface Area and Volume of All Homoiotherms 


Benedict,! the great master in the field of metabolism, made no 
attempt to fit mathematical curves to the bulk of data on metabolism 
which he and his collaborators had collected with great care for many 
years. He stressed particular details, but neglected the common 
trend. His final table, entitled ‘‘Comparison of the heat production 
of different animal species referred to body surface and different 
powers of the weight,’’ indicates clearly a proportionality between 
metabolism and the weight raised to the power of .73. This fact has 
been confirmed by Brody* and more recently by Hemmingsen.* The 
range of this proportionality is very broad, applying to animals as 
small as mice and as large as elephants, disregarding intraspecific 
variations and alterations in metabolism during growth. 

According to Hemmingsen,* the heat production in homoiotherms 
must follow the body surface rather closely in order to keep the body 


*The views expressed in this article are those of the author and do not neces- 
sarily reflect the views of the Navy Department, or the Naval Service at large. 
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temperature at about the same level at all body sizes. Therefore, the 
surface area is in general proportional to the .73-power of the weight 
for. average adult specimens of different homoiotherms.. Since the 
specific gravity is approximately one, volume can be substituted for 
weight. The equation 


ue 


Area = k(Volume)*73 (1) 


represents a geometrical concept which~can be applied to solids of 
any shape. Here, k is a dimensional constant, depending on units. 
But in any given linear unit one and only one size of a solid will 
satisfy EQUATION 1. 

It is frequently accepted that the ‘‘surface area law’’ defines the 
relationship between area and weight or volume in homoiotherms. This 
rule can be written 


A=kv* (2) 


If this highly specialized relationship holds for a particular body, it 
should hold for all similar bodies. Conversely, if the relationship in 
EQUATION 2 does not apply to a special solid, it cannot apply to any 
other size of this solid. It follows that the ‘‘surface area law’’ 
restricts the possible shapes of animals. 

The limitations of the ‘‘surface area law’’ may be explained by the 
following geometrical model. Let us take a parallelogram with the 
sides a,b and the acute angle y. The area A_ of the parallelogram is 
A. = a-b-sin y, and its circumference is C = 2(a+b). Parallelograms 
having the same area and the same circumference are: 


a=2+,\4-— 2/sin y : b=2-,\V4-2/siny 


(3) 
with *A<siny<1 or 30°< y < 90° 
For all these parallelograms 
A. =2 and Cc=8 (4) 


The two extreme cases are illustrated in ricures la and lb. For a 
tight prism, having the parallelogram as base and an altitude h = 1, 
the surface area is A = 2A. + Ch, and its volume becomes V = Ay h. 
Therefore, for the assumed values of the angle y 


A=12 and V=2 (5) 


This set of solids satisfies the surface area law (2), 
if k = 12/(2)%8 = 7.5597, or 
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A = 7.5597V ¥8 (6) 


If we multiply the sides, a,b, of the parallelogram and the altitude, h, 
by the same constant, c, both members of EQUATION 6 are multiplied 
by c*. Therefore the prisms satisfy this equation independently of size. 

On the other hand, there are solids which do not satisfy this 
‘equation. A cube, having the side a, has an area, A = 6a2, anda 
volume, V = a*. Thus 


A =6V*¥3 (7) 


independently of a. But the values for the factor k are different in 
Equations 6 and 7. Therefore no cube will satisfy the relation 6. This 


x02 Fig. 1a. 


2+ Vo Fig. Ib. 


FIGURE 1. Two parallelograms of the same perimeter and area but representing 
extremes of shape. 


example shows that the ‘‘surface area law’’ (2) with a constant value 


for k is not applicable to all shapes of solids. 
The empirical Equation 1 for homoiotherms can be written also as 


log A = log k + .73 log W (8) 


where k is a constant for given units of length and weight. This 
equation corresponds to a straight line on a double logarithmic grid 
(r1cuRE 2). The angle of inclination becomes a = tan~"(.73) = 36.1. 
For all solids of the same shape and of a specific gravity of one, 
the ‘‘surface area law’’ holds. Thus 


log A = log k, + 2/3 log W (9) 
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where the constant k, depends on the shape. Equation 9 represents 
parallel straight lines. Their angle of inclination is a* =tan1(2/3) = 33.7. 
The angle a* is smaller than a. Spheres yield the lowest line of the 
set of parallels which is unlimited in the other direction. For spheres 


k, =[367]!/3 = 4.8359 or log k. = .68448 (10) 


Solids cannot exist below the straight line corresponding to spheres. 

The empirical straight line of the homoiotherms forms the small 
positive angle a — a* = 2.4° with the set of parallels. Its point of 
intersection with the sphere line marks the absolute minimum for the 
weight of an adult warm-blooded animal. If the difference a — a* were 
negative (i.e., for a power smaller than 2/3), there would be a maxi- 
mum for the weight of homoiotherms, but no minimum. 

More than a century ago, Bergmann* concluded that warm-blooded 
animals much smaller than a mouse cannot exist. They could not 


Log A=.916 + 730 log V 
(straight line of the homoiotherms ) 


4 ——- Log A= .684+ 667 log V 
(limiting straight line of the spheres) 


3 MAN 
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homoiotherms 
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FIGURE 2. The values for surface area relative to weight or volume for all solid 
bodies lie above the interrupted line. The intersection of this line and the solid line 
defines the minimal weight possible for homoiotherms. 
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obtain nor digest the food required to maintain their constant tempera- 
ture. This principle is known as ‘‘Bergmann’s Law.’’ Our mathematical 
development relates the minimal weight possible for homoiotherms 
specifically to the .73-power of weight in the basic Equation 1. 

The concept does not set an upper limit to the weight of warm- 
blooded animals. Apparently such an upper boundary exists. It does 
not depend on metabolism, but it is determined by mechanics, at least 
for the nonaquatic animals. We do not know whether or not the marine 
mammalia satisfy Equation 1. Our proposition is that the above- 
- outlined relation holds only interspecifically from mice to elephants. 

Let us compute the minimal weight for adult warm-blooded animals. 
In order to get the coefficient k in Equation 1, we insert figures 
which correspond to an average adult man. We assume that his surface 
area equals 183 decimeters? and his weight is 70 kg. The specific 
gravity depends not only on the amount of air in the lungs, but also 
on the composition of the body. Man, and also many animals, can 
adjust the amount of air so that the specific gravity is near unity. We 
can assume that a weight of 70 kg corresponds to a volume of 
70 decimeters*.If we use the decimeter as unit of length, Equation 1 
becomes 


A = 8.2325vV"> (11) 


By applying it to a sphere of radius r, we find 
Amr? = 8.2325 (4m) 731219 


It follows that 
r = .03772 decim or 


r= 3.77 mm (12) 
The corresponding weight of the sphere is (for a specific gravity of one) 
W = 225 mg (13) 


According to Hemmingsen,* the smallest known mammalian species 
is Pachyura etrusca (a shrewmouse), the adults weigh somewhat less 
than two gms. He mentions further that small hummingbirds are known 
to weigh 1.4 - 2.0 gms. If we consider that these smallest adult 
homoiotherms are far from being spheres, the absolute minimum of 
weight is surprisingly close to the observed weights of shrewmice 


and hummingbirds. 
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Let us see how much the factor, 8.2325, in Equation 11 can be © 
decreased without bringing the calculated minimal weight above that _ 
of_ hummingbirds. The limit is 30 per cent. It is interesting to note 
that for men of constant weight the surface area has a range of only 
+ 15 per cent of the mean area according to reference (5). We would 
get a higher minimal weight than 225 milligramms by using surface 
area and weight of an extremely stocky man for our computation, but 
this minimum would remain well below. the weight of hummingbirds. 

Much more striking is the sensitivity to the power of the weight 
in the basic Equation 1. Let us assume that the relation 


A =kv2 (14) 


holds for A=183 decim? and V = 70 decim®%. In the following 
table the figures for k, r.(radius of the minimal sphere), and Wy 
(weight of the minimal sphere) are listed for values of n which are 
close to n =.73. 


TABLE l 
n Pie? SiS 74 Auris 
k 8.5898 8.2325 7.8900 7.5619 
a 1.68 mm 3.77 mm 6.63 mm 10.28 mm 
Ww, 20 mg 225 mg 1210 mg 4510 mg 


TABLE | indicates clearly that a value of n=.75 yields a minimal 
weight which is greater than that of adult shrewmice. Even a value 
of n= .74 is inadequate for hummingbirds. If a law of the form, 
EQUATION 14, exists and if the smallest adult animals approach the 
lower limit of weight, it is reasonable to conclude that 


J2cn<.74 (15) 


The puzzling value, n =.73, isexplained by these findings. 

In this connection it should be mentioned that Kleiber® favors the 
3/4 power of body weight in relating metabolism to body size. He did 
not consider that there was a significant difference between the 
exponents, .73 and .75, ‘‘within a group of animals ranging from a 
10 gram mouse to a 16 ton superelephant.’? The minimal weight 
possible for homoiotherms, however, shows clearly the surprisingly 


fatrow range in the exponent of the weight if the equation is applied 
interspecifically. 

It may be of interest to consider the connection between shape 
and volume or weight for all bodies which satisfy the rquation 11 
for homoiotherms. The sphere corresponds to the minimal weight of 
225 milligrams. The cube has a weight of 6.774 grams, thirty times the 
minimal weight. In order to get bodies of a higher weight, we have to 
increase the surface area relatively to the volume. With respect to the 
“‘surface area law’’ we discussed rectangular prisms whose bases were 


_ given to Equations 3. The unit of length was arbitrary. Henceforth we 


use the decimeter for that purpose. The altitude, h, of a prism having 
the base, Equation 3, and satisfying the rquation 11 for homoiotherms, is 


h = .4531 decim = 4.53 cm (16) 
The corresponding weight for a specific gravity of one is 
W = .906 kg = 906 g (17) 


This yields a whole set of prisms having the same altitude, the same 
surface area, and the same volume. The weight amounts to 4 x 103 
of the minimal weight. The weight of adult men is further two orders 
of magnitude above the level of these prisms. A corresponding geo- 
metrical model will be discussed in the following sections. 

Since many mathematical curves can be fitted to data which cover 
only a short range, even an excellent agreement is not convincing in 
such a case. If, however, a mathematical relation refers to the whole 
range of possible data and in addition predicts correctly the natural 
endpoint of the range, the formula will have an intrinsic meaning. 
That is why the calculation of the limiting sphere is really important 
despite its simplicity. It tends to substantiate the validity of the 
basic Equation 1. Indeed Brody? says in a footnote on page 578 of 
his book: ‘‘Spherical organisms cannot attain a large size because 
the surface cannot keep up with volume.’’? We have shown that there 
can be only one sphere and that this sphere marks the minimal weight 
of adult warm-blooded animals. 


Il. Height, Girth, Surface Area, and Volume of Adult Men 


It has been mentioned above that Equation 1 does not hold in 
general for intraspecific variations. If, however, a large group of adult 
men were classified according to height, h, the mean metabolism, 
M(h), or the mean surface area, A(h), for men of a given height, h, 
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would depend on the mean weight, W(h), or the mean volume, V(h), 
according to EquaTIon 11 


A(h) = 8.2325V(h):73 (18) 


where the decimeter is the unit of length. 

In order to find out the relationship of metabolism to specific 
combinations of volume and height, we may consider the relations 
between surface area, volume, and height on a simple geometrical 
solid which has by definition the same surface area and the same 
volume as an average adult man. Let us consider two circular right 
cones of height h/2 over the same base of radius r (FiGuRE 3). We 
assume that r is significantly smaller than h/2.It will be shown in 
Section III that h/2 is greater than 20r for double cones which 
duplicate surface area and volume of adult men. An elementary calcu- 


lation yields 
A = 2nr \/(h/2)? + 1? (19) 


FIGURE 3. Schematic diagram of 
double cones which represent the 
mean surface area-weight relation- 
ships of the human body, 


om A varies approximately with V@t)/@mt) 
| From. EQUATION 18 follows 4(m+1) = 3(2m+1), if we substitute 3/4 for | 
_.73 in this approximation. The result is m = .5. Therefore, if the 
Phetght, h, varies slightly 


_t varies approximately with h* 
A varies approximately with h* 


V varies approximately with h? 


where r, A, V denote the means of 1, A, V. It is known that the 


mean metabolism of adult men of a given age varies in proportion 


to h* and the mean weight with h?. Therefore, the simple geomet- 
trical model represents approximately the relations found in men. 
It can be expected according to the first result above that the square 
of any girth measurement of the trunk will be proportional to height. 


_ For Army men,’ the following mean values are used: 


TABLE 2 


COMPARISON OF THE RATIOS OF MEASUREMENTS OF STATURE TO 
MEAN STATURE, WITH THE RATIOS OF THE SQUARE OF GIRTH 
CIRCUMFERENCES TO THEIR CORRESPONDING MEAN VALUES 

(Army Data’) 


circumferences 
in. 


chest cir.” % waist cir.” % 


36.7 1347 94.3 | 3L2 973 94.5 |36.8 1354 93.8 
37.8 1429 100.0 | 32,1 1030 100.0 |38.0 1444 100.0 
38.6 1490 104.3 | 32.9 1082 105.0 | 39.1 1529 105.9. 


stature 


seat cir.” % 


65 94,2 
mean| 69 100.0 
73 105.8 
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The agreement is very good for the seat circumference, the greatest 
of the girth measurements. 

__ Since the geometrical model is sensitive to slight changes of h, 
such as occur in men, it will give us a hint as to what kind of varia- 
tions are possible for a fixed height.On the assumption r < h/2, we 
find in this case a 


A approximately proportional to r 


V approximately proportional to r? 


A approximately proportional to V*> 


Since h is constant, we may write the relation in a homogeneous 
form, A proportional to hV. This is equivalent to 


M=cwWhW, where c is a constant (21) 


According to this equation, the metabolism is proportional to the 
square root of the product height by weight as proposed by DuBois, 
quoted from Behnke®. Brody” has advanced the formula 


eed son"? ws? on 


cm kg 


The difference between Equations 21 and 22 is not excessive, the 
result, EquATION 21, is at least an approximation. Whereas the metab- 
olism for men of different statures varies as W’7’, it is in proportion 
to W for men of a fixed height according to Equation 21 and to 
w3 (Brody) or to W*5 (Behnke®), 

_ It is important to differentiate clearly between these two types of 
variations. For several species of large animals the metabolism has 
been measured only for few specimens. The intraspecific deviations 
from the corresponding means may be great. Then the observed metab- 
olism will depart significantly from the main trend of Equation 1 
since the intraspecific variations follow another power of the weight. 
This possibility has to be considered, for instance, in the case of 
elephants. 

Let us close this section with a short historical note. According 
to Boyd? the French physiologist Bouchard™ ‘‘considered the human 
body equivalent to two truncated cones with their large bases placed 
together, so that the surface area of the body would have a constant 
relation to the sum of the lateral surfaces of the two cones. The 
height of each cone is equal to one-half the body height and the 


[ 
é 
, 
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volume of each cone is equal to one-half of the body weight.’’ Bouchard 
abandoned this concept later in favor of the quotient, body weight/ 
body height, i.e., W/H, which he considered the basic unit of body 
structure, called ‘‘anthropometric unit.”’ 

Although Bouchard’s approach was similar to ours, there exists 
one significant difference. His model equaled the average human 
subject in weight and height but not in surface area, our solid equals 
the man in weight and surface area, but not in height. We had to 
approximate one-dimensional lengths as h and r, whereas he had 
to approximate two-dimensional surface areas. Besides, the truncation 
brings in an additional parameter which is not needed. 

The term, ‘‘anthropometric unit,’’ for the quotient, body weight/ 
body height, is rather elaborate. It follows from the analysis above 
that this quotient is simply proportional to body height itself. The 
Square root of the quotient is in proportion to girth measurements of 
the trunk. This relation becomes important when one tries to link 
height, weight, and one of the main girth measurements together. An 
example will be given in the next section. 


III. The Surface Area of the Growing Male Child 


The question arises whether or not the double cones can be used 
to represent mean surface area-weight relationships in children. 
Calculations indicate that this is so and data are given in TaBLE 3 
for double cones which correspond in surface area and volume to mean 
surface area and to mean weight of males from age 1 to 18 inclusive. 
The human surface area was computed from height and weight by the 
formula of Boyd.? Mean weight-height data relative to age are repre- 
sentative values according to several authors!*!*!3 (quoted from 
Behnke®). In the calculations the specific gravity was assumed 
arbitrarily to be unity. 

The following cubic equation can be developed from the formulas, 
EquaTiIons 19 and 20, for height, h, of the double cones: 


(h/2)3 — AW (0/2? + WY = (0/23 = p(h/2)? +4=0 (23) 
7 WT 


Since (h/2)? > a =q in all cases, 
7 


Ae (24) 
h/2e ee 
“4 67V 
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This is a fair approximation to the single root of the cubic equation 


that can be used. The second positive root, r > h/2, is in contra-_ 


diction to our assumption. The third root is negative. A good estimate 
is = 


. 


h=> G+yi — 8q/p*) (25) 


Values derived from Equation 25 are listed in TasBLe 3 as the heights 
of the double cones. The radius, 1, is obtained from EQUATION 26. 


r= /Zq/h = V3V/mh (26) 


TABLE 3 


ComP ARISON OF MEAN HEIGHT, WEIGHT, SURFACE AREA RELATIONSHIPS 
oF Maves, AGEs 1-18 yRsS., AND 25 YRS., WITH DOUBLE CONES OF THE 
SAME VOLUMES AND SURFACE AREAS 


Subjects 


age 


ae Height(H) Weight(W) | Area(A) Height(h) Radius(r) obs.—calc. 
col. 


(3) - (7) 


decim. decim * decim. decim. 


1 Tat 9.55 45.1 22°52 -6364 3.06 0.5 
2 8.38 11.8 54.7 26.84 -6480 3.20 1.8 
3 9.14 14.8 61.4 26.95 -7242 2.95 0.4 
4 9.91 15.9 68.2 30.98 -7001 3.13 1.5 
5 10.67 16.7 70.1 31.16 «7253, 582.92 0.9 
6 11.50 19.5 80.2 34.94 -7301 3.04 0.6 
7 12.00 2227 88.4 36.46 7714» 3.04 0.6 
8 12.50 25.0 94.7 37.99 -7927 3.04 0.7 
9 13.00 26.7 101.3 40.72 -7913 3.13 252 
10 13.50 30.4 107.7 40.41 -8476 2.99 
11 14.00 34.0 116.2 42.06 8786 3.00 
12 14.50 36.8 123.1 43.62 -8976 3.01 
13 15.00 40.9 131.6 44.85 -9332 2.99 
14 15.75 46.8 143.5 46.60 -9793 2.96 
15 16.26 50.8 151.8 48.03 1.005 2.95 
16 6} 163.1 49.17 1.055 2.93 
17 4 168.9 50.02 1.074 2.94 
18 ai 173.5 50.85 1.085 2.94 
25 4 155.4 47.01 1.051 3.03 
25 6 184.7 51.91 1.132 2.96 


* Area = 5.3174 \/ HW 


yet er wermerty hy 
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The double cones are slender and their length exceeds five meters 
for adults. It is obvious that the human body has a complex configura- 
tion but if we add the lengths of the trunk, legs, arms (shoulder to the 
metacarpal joints), and ten fingers, then their sum is of the same 
order as h. 

Although human growth is rather irregular in respect to stature, 
the quotient, 


Q,, = (height of double cones) / (height of children) (27) 


is of the order of 3. Between the ages of 6 and 14 inclusive, the range 
Q, is from 3.04 to 2.96; between the ages of 1 and 18, it varies from 
3.20 to 2.93. For exceptionally tall adults, it may be as low as 2.89 
(TABLE 3). 

The relative stability of the quotient, Q,, is important. If H 
denotes the stature of children, then H = 1/3h, can be used as an 
approximation of Q,. It follows from Equations 24 and 26 that 


A= 30 VHW = 5.3174 (HW ; r= /W/sH (28) 


where weight, W, has been substituted for volume, V. 

A similar formula has been used for adults of constant height, H, 
EouATION 21, and it is interesting to note that one of the formulas of 
DuBois (quoted from Behnke®), 


A(cm2) = 167.1 /H cm W kg (29) 
or A(decim?) = 1.671 ./ 10H decim W kg 


or to A = 5.2842 / HW (30) 


the units being the same as in Equation 28. The empirical coefficient 
of DuBois, 5.2842, is very close to our theoretical coefficient, 
3 fn = 5.3174. | 

Values for surface area calculated by means of the various 
formulas are recorded in TaBLE 3. The deviations are observed to be 
fairly small. 

It is well known that the rate of growth is not the same for stature 
and weight. Rather abrupt changes occur. Nevertheless, we should 
expect that the height of the double cones is a non-decreasing func- 
tion of age. This is correct with one exception; from 9 to 19 yrs., 
the height, h, of the double cones recedes less than one per cent, 
or from 40.7 to 40.4 decimeters. The radius, r, of the cone base 
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decreases significantly between the ages of 3 and 4 years, from .724 
to .700 decimeters, as well as between the ages of 8 and 9 yrs. 
(.7927 to .7913). 
oe Although these anomalies are limited, they indicate that the geo- 
metrical model oversimplifies the facts. The double cones, therefore, 
are not a substitute for measurements on human subjects. They are 
used only to demonstrate that several relations, found correct in man, 
are not specific, but can be gained from geometrical solids also. 
Brody? has shown that surface area in growing children is best 
fitted by 


A(cm2) = 1000W kg®5 (31) 
if only weight is assumed to be an independent variable. Does this 


agree with our results? Let us look at the trend of, H = 1/3h, and 
of 10r asa function of the weight, W. 


age log W log H log 10r 
18 1,797 1. 237 1.035 
1 — .980 — .867 — .804 
.817 .380 231 
.370/.817 = .453 ; .231/.817 = .283 


This means that H__ is proportional to w-*™? 
WH is proportional to w:726 
and r is proportional to W:83 
Therefore equation 28 states that in the average 
A is proportional to W:726 (32) 
The power is practically .73, as in the interspecific Equation 1 and 
there is good agreement between values derived from this equation 


and the datain taste 3, as Behnke® has pointed out. Brody’s formula, 
EQUATION 31, gives similar results. DuBois’ final formula, on the 


other hand, 
A(cm?) = 71.84 W kg45 H cm:725 (33) 


indicates that 


A is proportional to W-53_ where H is proportional to w483. (34) 
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The exponent, .753, is slightly greater than it should be. 

Since H increases irregularly, the trend depends on the end- 
points and the values for the slopes are not completely reliable. This 
must be considered when comparisons are made of values obtained by 
the formulas of Brody and DuBois. From the consideration that H is 
proportional to WS, it follows from Equation 28 


ris proportional to,\/W/H, and in turn to /W*4? = w-274 


. instead of the calculated value, W:*°. The difference is relatively 

_~ small and the data are consistent for practical purposes. 

3 The height, h, of the double cones is correlated closely with the 
stature, H, of the children as previously pointed out. One would, 

5 therefore, look for a relationship between the radius, r, of the cone 


TABLE 4 


ComP ARISON OF MEASUREMENTS OF CHEST CIRCUMFERENCE IN MALEs, 
AGEs 1-18, WITH THE PRODUCT, 7.631, WHERE r IS THE RADIUS OF A CONE 


age chest circum. 7.63 r obs.—calc. 
yr. decim. decim. decim. 
ie = 

i 4.70 4,86 0. 16 

2 5.00 4.94 0.06 

3 SAP! 5.03 0.30 

ct 5.43 5.34 0.09 

5 5.61 5.46 0.15 

6 5.77 Sheil 0. 20 

7 5.92 5.88 0.04 

8 6.10 . 6.05 0.05 

9 6525 6.04 0.21 
10 6.45 6.47 0.02 
11 6.63 6.70 0.07 
12 6.83 6.85 0.02 
13 7.11 orb 0.01 
14 7.39 7.47 0.08 
15 7.70 7.67 0.03 
16 8.05 Bas ee ee han a erm ene = 
17 8. 36 8.19 0.17 
18 8.56 8. 28 0. 28 
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RELATIONSHIPS BETWEEN HEIGHT, WEIGHT, AND Hip CIRCUMFERENCES 


oF BritisH Boys AND Younc Men?4 


Weight(W) Height (H) 


age 
yr. kg. 
4a* 17.3 
Sa ns 19.0 
5b 21.4 
6a 20.4 
6b 232) 
7a 22.9 
7b 26.0 
8a 25.2 
8b 29.7 
9a 27.8 
9b 31.1 
10a 30.1 
10b 34.6 
lla 32.6 
11b 35.9 
12a 37.1 
12b 39.1 
13a 39,2 
13b 44.0 
14a 40.8 
14b 50.9 
15b 55.2 
16b 60.4 
17b 63.7 
18b 66.8 


decim. 


11.01 


10.80 
11.62 


11. 26 
12. 10 


11.84 
12,94 


12.41 
13.35 


12.88 
13.73 


13.37 
14. 29 


13.81 
14.53 


14.35 
15.11 


14.78 
15.73 


14.90 
16.44 


16.72 
17.33 
17.59 
17.82 


Hip circum. (C) 


decim. 


5.21 


5.47 
5.59 


5.48 
5:73 


5.70 


5.88 
6.05 


6.04 
6.18 


6.21 
6.33 


6.36 
6.41 


6.63 
6.60 


6. 64 
6.83 


6.70 
7,23 


7.39 
7.52 
7.69 
7.86 


H/W H/W Cc V H/W 
-6364 7978 4.16 

- 5684 - 7539 4.12 
5430 - 7369 4.12 
-5520 7430 4.07 
~5216 wt 222 4.14 
-5170 -7190 4.10 
-4977 ~7055 - 
-4925 .7018 4.13 
-4495 -6704 4.06 
-4633 -6807 4.11 
-4415 -6644 4.11 
-4442 -6667 4.14 
-4130 -6426 4.07 
- 4236 -6509 4.14 
-4047 -6362 4.08 

- 3868 -6219 4.12 

. 3864 -6216 4.10 

. 3770 -6140 4.08 
3575 -5979 4.08 
- 3652 -6043 4.05 
3230 5683 4.11 

- 3029 -5505 4.07 

. 2869 -5356 4.03 
~2761 ~5255 4.04 

. 2668 -5165 4.06 

mean 4.095 
on 035 


* a, referable to individuals from schools in poor districts 


+b, referable to indiyiduals from private schools 


s 
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base and one of the girth measurements; for example, the circum- 
ference of the chest. The average chest circumferences of boys from 
1 to 18 years of age are given in Tap_e 4. The data have been taken 
from Holt’s Diseases of Infancy and Childhood, 1939, and are not from 
the same sources as the values in tase 3. Since these data are from 
Separate sources, it may not be entirely correct to apply them to the 
same geometrical model. Both sets of data, however, refer to American 
children and have been published recently. 

In tase 4, the chest circumferences of boys are compared with 
the product, 7.63 r, where r denotes the radius of the corresponding 
double cone from tas_e 3. The deviations between the measurements 
and the calculated values are small; in eleven comparisons they are 
smaller than 1 cm., four are less than or equal to 2 cm., and only the 
remaining three are less than or equal to 3 cm. 

The product, 7.63 r, yields too narrow a chest circumference for 
age 18, although the deviation from the mean measured value is only 
3.3 per cent (it may reach 10 per cent for men, age 25 (TaBLEs 2,3)). 
Whereas stature is practically a skeletal measurement, chest circum- 
ference in part depends upon the development of the musculature and 
upon the amount of fat. The Army data of Tasre 1 are referable to 
chest circumferences which may be influenced to a greater degree by 
musculature and fat than in the case of the child measurements. This 
may explain in part why the product, 7.63 r, although closely appli- 
cable to males from 1 to 18 years of age, deviates to a greater degree 
when applied to data for adult males. 

After the second world war the British Ministry of Health studied 
the physique, development, and nutritional status of English children 
of different social status. A great number of measurements were taken 
in this meticulous study, for example, the circumference of the trunk 
at four levels, and the circumference of the knee. According to 
EQUATION 28 these circumferences should be proportional to /W/H, 
and the product of the circumference and H/W should be constant 
(independent of age and social status). I checked this hypothesis 
using the above mentioned measurements and relationships and the 
results are given in Taste 5. The assumptions made are approximately 
correct, although there is some downward trend in the values for 
CVH/W with age. 

Of the trunk circumference, that of the hips gives the least devia- 


tion as shown by 
Hip circumference (decim) = (4.095 +.0351) /Wkg /Hdecim (35) 


The coefficient of variation amounts to only 0.86 per cent of the mean, 
although the ages run from 4 to 18 years in boys from both free and 
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The reciprocal of Equation 35 is 


W kg = (.05963 +.001026) x H decim x [Hip circum.(decim)]? (36) 
In this case the coefficient of variation becomes twice as great, 
namely, 1.72 per cent of the mean. 

The weight and stature of the boys determine the hip circumference 
within narrow limits, independent of age and social status. Attention 
is invited to the fact that the quotient; Hip circum.(C) //Height(H) is 
not constant. In general, H/W is proportional to 1/H*. The rates 
of growth, however, for height and weight are not parallel and there 
are some changes in body shape during growth. The quotient, C/H*, 
is therefore more variable than the expression, C ./H/W, which 
incorporates weight in addition to the height parameter. 
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